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In this paper, the current state of the art on shunt piezoelectric systems for noise and
vibration control is reviewed. The core idea behind the operation of electronic shunt
piezoelectric circuits is based on their capability of transforming the dynamic strain
energy of the host structure, i.e., a smart beam or plate, into electric energy, using
the properties of the direct piezoelectric phenomenon and sending this energy into the
electronic circuit where it can be partially consumed and transformed into heat. For
this purpose, transducers which are made by piezoelectric materials are used, since
such materials present excellent electromechanical coupling properties, along with very
good frequency response. Shunt piezoelectric systems consist of an electric impedance,
which in turn consists of a resistance, an inductance or a capacitance in every possible
combination. Several types of such systems have been proposed in the literature for
noise or vibration control for both single-mode and multi-mode systems. The different
types of shunt circuits provide results comparable to other types of control methods,
as for example with tuned mass-dampers, with certain viscoelastic materials, etc. As
for the hosting structure, several studies on beams and plates connected with shunt
circuits have been proposed in recent literature. The optimization of such systems can
be performed either on the design and placement of the piezoelectric transducers or on
the improvement and fine-tuning of the characteristics of the system, i.e., the values of
the resistance, the inductance, the capacitance and so on and so forth. There are several
applications of shunt systems including among others, structural noise control, vibration
control, application on hard drives, on smart panels etc. Last but not least, shunt circuits
can be also used for energy harvesting in order to collect the small amount of energy
which is necessary in order to make the system self-sustained.

Keywords: shunt circuits, piezoelectrics, vibrations, control, acoustics

INTRODUCTION

Smart materials, such as piezoelectrics, piezoceramics, shape memory alloys, fiber optics,
electrostrictive materials, magnetostrictive materials etc. can be integrated in structural models to
provide them with the smart behavior. In principle, the initial stress or strain produced by some
smart element can be controlled and leads to controlled, i.e., smart, behavior of the whole composite
structure. Piezoelectrics constitute a suitable technology for testing smart structure concepts, since
they have almost instantaneous reaction time without hysteresis and they work in most cases within
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the linarity range. An important thing here is that both sensing
and actuation functions are possible due to the nature of
the piezoelectric effect. This specific characteristic leads many
investigators to deal with the passive control of vibrations by
using devices with shunted piezoelectric elements (Thomas et al.,
2009; Tairidis et al., 2018) in the form of an electric impedance.

This idea was first introduced in the innovative work
of Forward (1979) who suggested the use of piezoelectric
transducers in association with electric elements which he called
shunt circuits for passive vibration control. The main concept
consists of the transformation of the dynamic strain energy of the
host structure into electric energy. This is achieved by using the
direct piezoelectric effect and routing this energy into the shunt
circuit where it can be partially consumed (see Figure 1).

In fact, shunt piezoelectric systems with an electric impedance
can be very effective in structural vibration damping, thus they
have been extensively studied during the past decades. Several
shunting techniques have been developed based on different
shunting methods, (Hollkamp, 1994; Moheimani and Fleming,
2006; Tairidis, in press), in order to deal with the energy which
is produced by the structural vibrations. In these techniques, the
energy is usually expressed in terms of loss factor or more often
of a suitably defined damping ratio, depending on two distinct
matters; the contribution of the electromechanical coupling
and the design of the shunt system. Therefore, damping can
be accurately predicted if the generalized coupling coefficient
which describes completely the electromechanical coupling can
be described (Delpero et al., 2012).

At this point, it is worth mentioning that in terms of dynamic
behavior, certain types of shunt circuits present similarities with
several other types of vibration control methods, as for example
with tuned mass-dampers. Actually, as shown by Hagood and
von Flotow (1991) and Wu (1996), among others, if the shunt
circuit consists of a resistance R, i.e., it is a pure resistive shunt,
the dynamic behavior of the whole system is similar to the one of
a viscoelastic material. In case of resonant, i.e., resistive—inductive
(RL) shunt circuit, the influence of the circuit is analogous to the
one of a viscously damped dynamic vibration absorber (Viana
and Steffen, 2006).

Some even more sophisticated electronic shunt circuits for
the increase of the damping capability of the system have
been also proposed recently, as it will be shown in the
following sections. Such systems include, among others, switched
shunts (Ducarne et al., 2010) and negative capacitance circuits
(Marneffe and de, 2008).

PIEZOELECTRIC MATERIALS

Piezoelectric materials are very attractive functional materials in
smart structures because they can directly convert mechanical
energy to electrical and via versa. In 1880, the piezoelectric
phenomenon discovered by Curie and Curie (1881) initially
discovered the direct piezoelectric effect in the tourmaline
crystals. They found that a mechanical deformation in specific
directions causes opposite electrical charges on opposite
crystalline faces, which are proportional to the magnitude of

the mechanical deformation. This phenomenon, which was
also observed in quartz and other crystals without a center
of symmetry, was called a piezoelectric phenomenon (from
the Greek words “miégetv-piezein” that means to squeeze or
press and “niektov-élektron,” which means amber, an ancient
source of electric charge. This phenomenon is called the
direct piezoelectric effect (as shown in Figure 2A). However,
when an electric field is applied to the material a mechanical
stress or strain is induced; this phenomenon is called the
converse piezoelectric effect (see Figure 2B). However, the Curie
brothers did not predict the reverse piezoelectric effect, which
was mathematically deduced from fundamental thermodynamic
principles by Lippmann (1881).

Piezoelectric materials present very good electromechanical
coupling properties, as well as excellent frequency response,
due to their nature. Thus, such materials have been extensively
used in vibration control of smart structures, in structural
health monitoring, energy harvesting, optimal positioning,
etc. The direct phenomenon is mainly used in sensors
(detection of structural flaws, vibration suppression, etc.)
or for the harvesting of the energy which is produced by the
vibrations. On the other hand, the reverse phenomenon
is mainly used on actuators. Piezoelectric transducers
are available in many forms and shapes, usually in
thin sheets, and are capable of producing forces from
applied voltages.

Piezoelectric materials exhibit, also by their nature, a non-
linear behavior, which is reinforced by their complex grain and
domain structure. The understanding of the properties of such
materials over a large range of parameters (e.g., temperature,
frequency, stresses, etc.) is essential. The knowledge of the
electroelastic constitutive behavior is very important in order to
predict the response of a structure with embedded piezoelectric
sensors and actuators. The non-linear behavior of piezoelectric
ceramics is outlined among others in Mukherjee et al. (2001) and
Albareda and Pérez (2011). A focused, multidisciplinary review
on the field-dependent nonlinear piezoelectricity is provided
by Benjeddou (2018). The non-linear constitutive equations for
piezoceramic materials are given in detail in Joshi (1992). The
analytical modeling of non-linear piezoelectric transducers is
investigated, among others, in Mack (2003). According to Mack
(2003) a possible reason of the occurrence of non-linearities is
the interaction between isotropic elements and the anisotropic
piezoelectric sensor.

Optimal control of smart structures with the use of
piezoelectric sensors and actuators on vibration suppression was
presented in Stavroulakis et al. (2005). Two different control
schemes, i.e., LQR and H; control, are compared. The results
have shown that sufficient vibration suppression can be achieved
in smarts structures with the use of piezoelectric materials.

In Buchacz et al. (2013) the control of the characteristics
of a piezoelectric mechatronic system is investigated. More
specifically, two examples of systems with piezoelectric
transducers are considered in order to examine the suppression
of vibrations; a single piezoelectric plate glued on a mechanical
subsystem surface, and a piezostack, i.e., a set of piezoelectric
plates vibrating in a thickness mode. In both cases, the
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FIGURE 1 | A beam model with a resonant shunt piezoelectric circuit.
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FIGURE 2 | (A) Direct piezoelectric phenomenon, (B) Reverse piezoelectric phenomenon.

desired characteristics of the studied systems were generated
and presented.

DESCRIPTION OF SHUNT
PIEZOELECTRIC SYSTEMS

Shunt systems, also known as shunt piezoelectric systems, are
electric circuits connected with piezoelectric elements (e.g., PZT
patches, piezoelectric transducers, etc.). Such systems are mostly
passive, however, recently, also semi-passive or even active
systems have been proposed.

During passive shunt control, a piezoelectric actuator
is necessary in order to convert the mechanical energy,
which is produced by the vibrations of the structure,
into electrical energy. This energy is transferred to
the electric elements of the shunt circuit in order
to be destroyed, and thus to suppress the vibrations
(Corr and Clark, 2003; Fleming and Moheimani, 2004).

The use of piezoelectric patches connected with resistive shunt
circuits, i.e., circuits with only a resistance, was first proposed
by Hagood and von Flotow (1991). The proposed formulation
provided an equivalent vibration damper. Regarding structural
damping, resonant shunt circuits (resistive inductive) can also

be very useful for the control of single modes. These systems are
characterized by the need for specific inductance and resistance
values in order to reach the optimum values in terms of vibration
attenuation. This is due to the fact that the passive control
system uses the principle of dynamic absorbers by tuning the
resonance frequency of the shunt circuit to the natural frequency
of the structural system. These circuits are equivalent to vibration
absorbers within a narrow frequency range.

In general, shunt circuits can be roughly classified into passive
and active. Another categorization of these circuits can be
into linear and nonlinear. Several approaches with resonant,
resistive, capacitive, and switching shunts have been proposed
(Niederberger, 2005). The most common shunt circuits are
depicted in Figure 3.

Piezoelectric Shunt Damping

The basic principles of passive damping with shunted
piezoelectric elements are analytically presented in the very
recent book of Preumont (2018). Resistive, inductive and
resonant shunting are examined. Moreover, several ways of
tuning of such systems in terms of inductance are discussed,
along with the capabilities of synchronized switch damping. The
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FIGURE 3 | Categories of shunt circuits.

idea of active damping with shunted piezoelectric elements is
discussed, among others, in the book of Preumont (2006).
Semi-passive shunt electrical components are used for the
tuning of vibration controllers in McDaid and Mace (2016). The
system consists by an electromagnet with an adaptive synthetic
shunt impedance. The design of the system allows self-tuning
and maintenance, even when variations in excitation frequency,
environmental conditions or shape properties are present. The
control system consist of two different types of controllers

and many algorithms for each type are used. Experiments
demonstrate that the linear controller is not reliable, however,
some good results are obtained for polynomial and fuzzy
controllers. The proposed control system adjusts very well to
variable excitation frequencies, it is stable and performs efficiently
for different modifications of the system’s parameters. An RC
shunt, i.e., a circuit of a resistor and a capacitor, is developed,
and its parameters are adapted online in order to achieve optimal
tuning. The results are verified experimentally.
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A semi-passive damping technique is presented in Liu and
Vasic (2013). The proposed method is based on pulse-width
modulation and it can significantly increase the structural
damping of the system. With this method, the waveform of the
piezoelectric voltage accommodates to the vibration velocity,
the system has a stable voltage source and at the same time
the performance is increased. The theoretical part of the
investigation is also experimentally proved.

The synthesis of electromagnetic shunt impedances for
vibration control of structures is studied in Behrens et al.
(2004). Namely, a technique of sensor-less active shunt control
for application to a mechanical vibration system is proposed.
For the minimization of structural vibrations, an electrical
impedance was designed and connected to an electromagnetic
element. Common control tools were used to design the required
shunt impedance. The application of an active shunt impedance
reduced the vibration of the structure without the use of any
additional feedback sensors.

As an alternative to the above, negative capacitance shunt
systems have also been examined by many authors. Among
others, Marneffe and de (2008) study a scheme for vibration
damping with negative capacitance shunts both theoretically
and experimentally. Namely, the enhancement of piezoelectric
transducers by means of negative capacitive shunting is
considered. Two different implementations are investigated; one
in series and one in parallel. The results indicated the lack of
robustness of the parallel system. From the experimental results
on a truss structure it is shown that the damping which is
introduced by the negative capacitance shunt system is larger
than the damping which is obtained by the passive shunt circuits.

General Electromechanical Equations of Shunted
Piezoelectric Systems

The general electromechanical equations which describe the
behavior of piezoelectric materials are defined in the IEEE
Standard on Piezoelectricity (American National Standards
Institute et al., 1987):

B 8

After Hamilton’s principle and discretization with finite elements
for coupled electromechanical systems (Thomas et al., 2009)
one has:

AR5 SR e

The equation of motion of the coupled piezoelectric
electromechanical system, as described in Equation (2), can
be rewritten as a set of two coupled equations (Jeon, 2009a,b):

[(M]{iw} + [Cl{w} + [KI{w}] + [@]{v} = { F} (3)

01 {w} — [C,] (v} = {q}

The first equation describes the equilibrium state of mechanical
forces, while the second one gives the electromechanical state of

the electric potential. These two equations are used to describe
the piezoelectric passive damping force from the piezoelectric
shunt damping system, which is connected with the electrodes,
to the host structure.

The electric voltage across the piezoelectric patches and the
shunt circuit can be represented by the current-voltage ratio in
the Laplace domain:

Vn (8) = Zsp(s) - Ln(s) 4

Substituting in Equation (4) the electric current Iy, (s) with the
derivative of the electric charge g(s) from the second part of
Equations (3), one obtains the relation:

Vo (9 =Zs (5) - 4 () =24 () - (O] {w}s = [C] V,, (9)9) (5)
Solving Equation (5) for Vg, (s), we have the relation:

t
Vi (5) = Zsp(s) [O]" {w} s ©)

1+ Zg(s) [Cp] s
where s is the Laplace operator.

Substituting the Equation (6) in the first equation of Equation
(3) we obtain the relationship of the shunted piezoelectric
system where the additional passive piezoelectric damping force
is considered:

(M {i#} + ([C] + Ziotar [O1[OT) {w} + [K] {w} = {F}  (7)

where the inherent capacitance Z;,, of the system includes the
total electric impedance of the shunted piezoelectric Z, as:

Zsh

1+ Zg [Cy]s ®

total =

Equation (7) can be transformed into the modal domain using
the following modal coordinates:

{w} = [®]{&} ©)

Substituting Equation (9) into Equation (7) and transforming
into the frequency domain, one can obtain the uncoupled
equations of motion for harmonic vibrations in the
modal domain:

— & [m){€) + jol] + Zuoat [O)) + [K1(E} = {f}  (10)

(8} = (0 m] + joo([c] + ZialOD + ) (F} (1)
Piezoelectric Shunt Acoustic Control
Piezoelectric shunt acoustic control is a more general term, i.e.,
a superset, of piezoelectric shunt damping, as it includes also
systems without damping. The core idea behind this concept for
vibration control of mechanical systems is depicted in Figure 4.
For the case of acoustic systems (see Figure5), the
piezoelectric transducer is embedded into the system and
acoustic pressure is applied. The piezoelectric element is used
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FIGURE 4 | The concept of the piezoelectric shunt acoustic control for
vibration control of mechanical systems (shunt damping).

for the deterioration of acoustic signals in the same way it does
for the mechanical vibrations. This approach was suggested by
Forward (1979) and Forward and Swigert (1981). In these studies,
a single piezoelectric element is used between the host structure
and the electrical shunt circuit, in a form of a passive resistor or a
resonant circuit.

The greater part of the published studies in the field of
piezoelectric shunt acoustic control has mainly focused on
resonant shunt circuits for the control of vibration and more
specifically on vibration damping.

Shunted Piezoelectric Circuits

Single Mode Shunt Circuits

A finite element formulation, as well as, a reduced-order model
is proposed for the piezoelectric shunt vibration damping of
structural-acoustic systems (Deii et al., 2014). This model is
used for the approximation of a fully coupled electromechanical
system using modal projection techniques. The piezoelectric
patches, along with bonded resonant shunt circuits, are
considered for the suppression of the vibrations of the coupled
system. The numerical results illustrate the accuracy and the
adaptiveness of the proposed reduced-order model, regarding the
requested attenuation.

Another efficient finite element formulation, along with a
suitably defined set of electromechanical coupling coefficients
for an elastic structure with shunted piezoelectric circuits is
sought in Thomas et al. (2009). More specifically a numerical
simulation with application for control, sensing and vibration
reduction is conducted. In parallel, a reduced-order model
using modal techniques is proposed in order to show that the
electromechanical coupling coeflicients are the main parameters
in coupling. The results are verified by an application on a
cantilever beam.

Numerical modeling of noise and vibration reduction of thin
radiating structures in the low frequency range is presented from
(Silva et al., 2014). Piezoelectric patches which connected with
two types of electrical shunted circuits (resonant and resistive) are

used for the analysis. The parameters of placement and size of the
piezoelectric patches are optimized with objective the adoption
of better results in terms of the reduction of structural vibrations
and acoustic radiation.

In Andreaus and Porfiri (2007) the problem of the effect
of variations of the electric impedance with respect to its
optimal selection in an electric network for resonant piezoelectric
shunting system is analyzed.

Two novel electromagnetic shunt damping vibration isolators
(EMSD-VIs) are proposed in Yan and Zhang (2012). The aim
of the work is the isolation of vibrations of a beam structure. A
pair of electromagnetic coils along with a box-shaped spring with
variable damping are used. The negative resistance is introduced
in order to improve the performance of the isolation system.
The design rules of the shunted negative resistance are obtained
by stability analysis. An experimental validation of the proposed
theoretical model is also carried out.

A detailed study which focuses on the optimization of
piezoelectric actuators which are shunted with LR Impedances
is presented in Berardengo et al. (2015). Namely various
algorithms are used to optimize the values of the electric
components of the shunt impedance in order to achieve better
performance and guarantee the robustness of the whole system.
The algorithms which are presented are in compliance with the
tuned mass dampers theory, which is used also for comparison.
Analytical and numerical results are confirmed by the ones of a
corresponding experiment.

The damping of structural vibrations with piezoelectric
materials and passive electrical networks is studied in the
work of Hagood and von Flotow (1991). The shunted
piezoelectric circuit add some frequency dependent stiffness
to the system. The general model is specialized for two
different circuits; one with only a resistor (resistive shunt)
and one with a resistor and inductor (resonant shunt). The
material presents viscoelastic behavior in the case of the
resistive shunt, however, when it comes for the resonant shunt
with a resistor and an inductor, an electrical resonance is
introduced to the system, which in turn can be tuned to
structural resonances. An experiment on a cantilevered beam
is conducted and the results validate the shunted piezoelectric
damping models.

Multimode Shunt Circuits

A new method regarding the use of shunted piezoelectric
transducer patches (PZT) for vibration reduction of multiple
modes is presented in Fleming et al. (2000). Namely, it is
proposed that the vibrational mechanical energy of a structure
can be consumed via an electrical impedance by the PZT patches.
This method used an arbitrary impedance using a current source
and a digital signal processor.

According to Viana and Steffen (2006) the analytical model
of passive vibration damping using piezoelectric patches with
resonant shunt circuits shows that the general behavior of
shunted piezoelectric systems is similar to the classical dynamic
vibration absorbers. The study presents interesting analytical and
experimental data concerning the design of the interlaced circuits
with synthetic inductors.
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FIGURE 5 | The concept of the piezoelectric shunt acoustic control for control
of noise (sound transmission) on a smart panel.

Moreover, Cheng et al. (2009) have employed a multiple
current flowing electromagnetic shunt damper for semi-
active vibration suppression of flexible structures. The system
was electromagnetically-mechanically coupled between the
electric circuit and mechanical beam vibration by using an
electromagnetic transducer.

A multi-mode passive piezoelectric shunt model is proposed
in Berardengo et al. (2017). The shunt damping is investigated
by means of matrix inequalities, while the involved impedance
is treated as a controller of the electro-mechanical system. The
paper focuses on passive multi-mode vibration control in order to
find the optimal impedance. The proposed method successfully
overcomes the difficulties of multi-mode shunt control strategies.
The results of the investigation show the capability of the
matrix inequality method to provide sufficient damping. An
experimental verification is also carried out.

In the work of Goldstein (2011) a method for the design and
online adaptation of multimodal piezoelectric resonant shunts
is discussed. The difference between the proposed method and
other multi-modal shunting methods, such as current blocking
and current flowing, lies to the implementation of the shunting
network. Namely, a reduced number of discrete electrical
components is used for the online tuning of the parameters of
shunt system. The mathematical model provides the coupled
equations of motion of the structure with piezoelectric elements
and passive shunt networks. The design of the multimodal shunt
network is presented based on passive filter synthesis methods.
An experimental demonstration of the proposed multimodal
self-tuning damper is also presented.

An online tuned multi -mode resonant piezoelectric shunt
controller for vibration attenuation is proposed in Niederberger
etal. (2004). For the optimal adjustment of the shunt parameters,
the relative phase difference between a vibration reference signal
and the shunt current is minimized. The proposed technique is
validated by experiments. More specifically, it is demonstrated
that the damping of two structural modes can be achieved at

the same time. The convergence of the adjustment is quick
and optimal performance in the presence of uncertainties
is maintained.

In Nguyen and Pietrzko (2006) a finite element analysis of a
piezo-actuated adaptive aluminum beam with vibration damping
which use an electric multiple-mode shunt system is considered.
Electric finite elements are used in order to simulate explicitly the
R-L shunt circuit. Calculations are also extended to a multiple-
mode shunt system, where each branch consists of a parallel R-L
shunt circuit in series with two C-L circuits in order to block two
different resonance frequencies. The results indicated that in the
modified system, only the half of the circuits are needed.

Multiple-mode structural vibration control using negative
capacitive shunt damping is studied in Park and Park (2003).
A novel shunt piezoelectric circuit, capable of attenuating
multimode vibration amplitudes by using a pair of piezoceramic
patches is presented. The damping mechanism is described
considering a voltage which is constrained by the impedance
of the shunt circuit. The presented numerical results indicate
that the piezoelectric beam model combined with a series
and a parallel resistor-negative capacitor branch circuit can
suppress multiple-mode vibration amplitudes over a frequency
range of interest with respect to the dynamic response of the
whole structure.

Multimodal passive vibration control of sandwich beams with
shunted shear piezoelectric materials is investigated in Trindade
and Maio (2008). The performance of a multimodal passive
vibration control scheme, based on independent resistive shunt
circuits, is studied. The shunt control scheme is applied on a
sandwich beam core using shear piezoelectric materials. The
numerical results indicate that modal damping factors of 1%-2%
can be obtained for three selected vibration modes.

An F-15 panel was tested in acoustic excitation in Wu et al.
(2000). The aim of proposed method was to examine the ability
of the system with bonded piezoelectric elements to control
and survive of high acoustic excitation levels, and to investigate
the piezoelectric shunt-damping technique at these excitations.
Single- and multiple-mode shunting systems were used in
order to suppress the first two modes. For this purpose, many
piezoelectric components, along with two shunt electric circuits
were used. Experimental results are also presented with details.

The use of piezoelectric transducers, shunted with a multi-
terminal network, in multimode vibration control is presented
in Giorgio et al. (2009). The reduction of vibrations for one- and
two-dimensional mechanical structures of shunted piezoelectric
transducers with electric networks is studied. Namely, a method
for controlling “n” structural modes by “n” piezoelectric
transducers shunted with an electric network system is presented.
The proposed technique can be classified as a virtual passive
damping method.

Lastly, a different approach for the control of several modes is
proposed by Tairidis (in press). According to this study, vibration
control of different modes can be achieved considering a set of
optimized resonant shunt piezoelectric circuits in combination
with an intelligent adaptive neuro-fuzzy control system. In this
approach, shunt circuits can be pre-tuned to the first four
eigenfrequencies and the control system can be used for the
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activation of the suitable shunt circuit, each time. This makes the
whole system not only adaptive, but effective as well.

Switching Shunt Systems

An autonomous piezoelectric shunt damping system is described
in Fleming et al. (2003a). More specifically, an efficient, light-
weight, and small-in-size technique for implementing switched-
mode piezoelectric shunt damping circuits is presented. The
experimental results demonstrate the effectiveness of the shunt
circuit implementation, as with the current-flowing shunt circuit,
two modes of a simply supported beam were successfully reduced
in amplitude by 21.6 and 21.3 dB, respectively. The development
of a device which connects research and practical application is
also discussed.

Another autonomous shunt circuit for vibration damping is
presented in Niederberger and Morari (2006). In this study,
an implementation of an autonomous switching resonant (R-
L) shunt circuit for the reduction of structural vibrations is
described. The resulting circuit does not require power for
its operation and is almost as effective as a classic shunt.
Moreover, experiments show that the damping performance is
robust against temperature variations which are caused due to
environmental conditions, whereas other shunt circuits lose their
damping performance. The proposed system requires only a
minimum number of electronic components; therefore, it can be
considered as an effective solution for the control of vibrations.

A third application on autonomous shunt circuits is
presented in Niederberger (2005), where a hybrid system for
the development of an optimal control system for vibrational
damping is studied. More specifically, the system obtains the
optimal laws for the switching of the circuits. Multi-parametric
programming allows to the calculation of the switching law
which is necessary for the partitioning of the state-space into
regions where the switch is either open or closed. The electronic
shunt circuit requires a small amount of power for its operation,
which in some cases can be neglected. From the experimental
results it is shown that the proposed autonomous damping circuit
could suppress vibrations, but it is not as effective as a standard
resonant shunt circuit.

In Ducarne et al. (2010), structural vibration reduction by
switch shunting of piezoelectric elements is discussed. More
specifically, the study deals with modeling and optimization
in terms of the reduction of structural vibrations by means
of synchronized switch damping techniques on piezoelectric
elements. The electrical impedance is selected either as a simple
resistance, which produces a synchronized switch damping on
short circuit or a resistance and an inductance in series, where
a synchronized switch damping occurs on the inductor. The
extra damping which is added by the piezoelectric device is
also estimated. From the results it is concluded that the only
parameter which needs to be optimized is the piezoelectric
coupling factor. In fact, if this parameter is maximized, the
damping which is added to the system is maximized as well.

In Collinger et al. (2009) a new vibration control method
on beams is presented. The controller is synchronized in every
change of the parameters of the system (mass, stiffness, and
excitation) and dissipates the maximum amount of energy.

The simulation takes into account the coupled dynamics of
the structure and piezoelectric circuit to obtain the general
coordinates between the sets of modes for the open- and closed-
switch modulation. With this method, the time instants of the
optimal switching procedure are recognized through a filtered
velocity signal. A fuzzy logic algorithm is used in order to
maximize depreciation. The efficacy of the method is confirmed
by laboratory tests on a headlamp driven by the stimulation of
the base and two piezoelectric elements attached to the beam for
vibration control.

In Chen et al. (2013) a self-powered damping system based
on zero-velocity crossing detection is presented. The control
signal is obtained from a velocity sensor which controls the
switches of the system. The system does not require any type of
external energy, except from the one which is harvested using the
synchronized switch damping on inductor (SSDI) technique. The
proposed technique has the advantage of no delay switching time,
in comparison with the one based on a voltage peak detector. The
self-powered technique has been also experimentally tested.

An aggregation of the advantages and disadvantages of the
several types of shunt systems which are reviewed in the present
paper is outlined in Table 1.

From the investigations which are reviewed in the present
paper, it is found that resonant shunts, i.e., circuits with inductors
and resistors which are tuned around natural frequencies, are
the most efficient, in terms of damping of several structures
and systems.

Shunt Systems on Composite Structures

Several investigations on beam structures with piezoelectric
materials connected with shunt circuits have been proposed in
literature. For example, in Lossouarn et al. (2017), a possible
design of inductors with high inductance values for resonant
piezoelectric damping, which takes into account practical
limitations which usually appear in the low frequency range
is presented. The electrical elements are integrated into a
piezoelectric shunt circuit which is dedicated to the control of
vibrations of a cantilever beam. From the results of the analysis,
it is shown that specific designs can extend the application of
passive resonant shunt strategies, especially for lower frequencies.

In Isola et al. (2004), the passive damping of beam
vibrations through distributed electric networks and piezoelectric
transducers is studied. The aim of the paper is to present a design
of a device for damping, along with experimental validation. For
this purpose, two different electric networks were used; a purely
resistive network and an inductive-resistive (resonant) one. The
feasibility and the effectiveness of the proposed methods, in terms
of structural damping, were validated through an experiment,
presenting very good agreement with the numerical results.

A passive modal damping method using piezoelectric shunts
is presented in Granier et al. (2002). More specifically,
piezoelectric materials are used in conjunction with passive
inductance-resistance-capacitance (RLC) shunt circuits in order
to provide vibration damping in specific modes. The piezoelectric
transducers are used for the conversion of mechanical energy
into electrical, which, in turn, is consumed in the shunt
circuit as heating. In order to test the circuits, an impulse

Frontiers in Built Environment | www.frontiersin.org

May 2019 | Volume 5 | Article 64


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles

Marakakis et al.

Shunt Piezoelectric Vibration Control

TABLE 1 | Comparison of shunt systems and methods.

Shunt systems Advantages

Disadvantages

Single-mode Easy to implement and tune

Multi-mode Wide range of applicability, easy to implement, increased
efficiency

Switching Wide range of applicability, increased efficiency

Resistive (R) Easy to implement and tune

Resonant (RL)
efficiency

Resistive-Inductive-Capacitive (RLC)

Negative capacitance
applications

Synthetic impedance

Easy to implement, wide range of applicability, increased

Wide range of applicability, increased efficiency
Increased efficiency, applicability in specialized real-life

Applicability in specialized real-life applications

Limited capabilities and applicability in real-life
applications, medium efficiency
Increased complexity, hard to tune

Delay of response, increased complexity

Very limited capabilities and real-life applications, poor
efficiency

Not always easy to tune

Not always easy to implement and tune
Increased complexity, hard to tune

Increased complexity, not always easy to tune

is applied to a simple cantilever beam and the parameters
of the RLC circuit are tuned in order to provide the
desired damping.

Piezoelectric RL shunt damping of flexible structures, and
more specifically of piezoelectric beams, is discussed in Hogsberg
and Krenk (2015b). The calibration of the involved parameters
is based on the equal damping of the two eigen modes which
are associated with the resonant vibration of the structure. A
quasi-static contribution from the non-resonant vibration modes
of the structure is also included in the analysis, which leads
to explicit calibration expressions for the circuit components.
A simple numerical example indicates the effectiveness of the
proposed scheme.

Resonant shunt circuits with piezoelectric elements bonded
on a thin beam are studied in Hassan et al. (2011). Resonant
RL shunt circuits, both in series and in parallel are considered.
An iterative process based on finite elements is used in order to
find the optimum values of the resistance and the inductance of
the system.

A piezoceramic shunted damping concept regarding
testing, modeling and correlation on cantilever long beams,
which are bonded with single pairs of small piezoceramic
patches symmetrically on both surfaces, upper and lower, is
presented in Chevallier et al. (2009). Experimental results are
used for the evaluation and the assessment of the shunted
damping concept of the host structure. The efficiency of
the proposed technique is measured by the modal effective
electromechanical coupling coefficient, which is calculated
from free-vibrations analyses under short- and open-circuit
formulations. ABAQUS commercial software is used for the finite
element analysis.

In Fleming and Moheimani (2005), a method for the design
and the implementation of high-performance piezoelectric
shunt impedances in order to control mechanical vibrations is
presented. The shunt impedance design can be accomplished
by solving a common control problem with parameters the
transducer voltage inputs and charge outputs. The impedance
which occurs from the proposed method has been compared
experimentally with a resonant shunt system on a cantilever
beam. The results of the experiment have shown significant

reduction of vibrations of the structure in the first mode of
the cantilever.

In Buchacz and Placzek (2011) a one-dimensional flexural
vibrating mechatronic system is studied. The system includes
a cantilever beam with piezoelectric elements connected with
an electric circuit for the damping of vibrations. The Galerkin
method was used to analyze the system. The damping of
the structure was taken into account. Kelvin-Voigt model of
materials was used for the introduction of Rheological properties.
The results of the proposed method were presented in 3D graphs.

In the work of Schoeftner and Irschik (2009), passive damping
and vibration suppression of beams using shaped piezoelectric
layers and tuned inductive networks is studied. More specifically,
the study is focused on the development of an extended
Bernoulli-Euler beam theory for passive piezoelectric composite
structures which considers also the presence of electric networks.
From the results it is shown that control of vibrations for
a cantilever beam is possible, under certain conditions for
the electric elements. In another work of the same group
(Schoeftner and Irschik, 2011), a comparative study of smart
passive piezoelectric structures interacting with electric networks
is carried out. The results from Timoshenko’s beam theory are
compared with finite element calculations of plane stress.

During the last three decades, several investigations on the
use of piezoelectric transducers for the vibration control of thin
plate-like structures have been carried out by many authors.
In the work of Saravanos (1999), the damping of vibrations of
composite plates with passive piezoelectric-resistor elements is
studied. It is shown that, for each mode, there is an optimal value
of the resistance which adds significant modal damping. Away
from this optimal value the damping gradually reduces to zero.

Vibration control of plates with passive electrical dampers
made of shunted piezoelectric materials is studied in Park et al.
(2005). The electrical absorber, which is proposed in this paper,
consists of piezoelectric patches connected with a resistor and an
inductor in series and can be considered as an equivalent to the
damped mechanical vibration absorber. In order to estimate the
effectiveness of the absorber, the equations of motion are derived
by the classical laminate plate theory and Hamilton’s principle.
The theoretical analysis is also experimentally validated for the
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simply supported plates and the performance of the passive
electrical damper is demonstrated. The resulted model can be
used in many engineering applications.

Electrical tuned vibration absorbers are studied by Tondreau
et al. (2014). Namely, an application of the equal-peak method
to linear and non-linear RL piezoelectric shunts is presented.
The major contribution of this study to the current state of
the art is to propose a new optimum design of a series RL
piezoelectric shunt, and at the same time to apply it on a
realistic example. For this purpose, a clamped-free steel plate
with piezoelectric layers is considered. The laminate structure
is excited by using two piezoelectric actuators and it is shunted
with two piezoelectric elements. The improvement of damping
performance in the presence of structural non-linearities using a
non-linear piezoelectric tuned vibration absorber is presented.

Another application of shunt circuits on smart plates is
presented in Kim et al. (2000). The measured electrical
impedance is the basic parameter for tuning the parameters of
passive piezoelectric damping. Unlike the usual tuning method
related to a mechanical vibration absorber, the proposed method
uses the electrical impedance model of which parameters are
found from measured impedance data. Maximization of the
amount of dissipated energy at the electrical components is the
basic criterion for optimization. Experiments with cantilever
beams and plates shows good accordance of the proposed method
with the common methods of tuning. The method can be used for
structures of any shape and it is also applicable for multiple-mode
piezoelectric damping with the same piezoelectric patch.

Last, but not least, in the work of Saravanos (2000)
composite beams with piezoceramic patches, piezoelectric plates
and laminated piezoelectric shell structures with integrated
electric circuits are studied in terms of passive damping. More
specifically, numerical and experimental results are presented for
several structural formulations. Form the results, the dependence
of piezoelectric damping on shunting resistance, structural shape,
and curvature is demonstrated. An important outcome, which
occurred by both the analytical and experimental studies, was
that regardless of the configuration of the structure, the concept
of passive piezoelectric damping is feasible and moreover, the
values of the electric components can be easily tuned.

OPTIMIZATION OF SHUNT
PIEZOELECTRIC SYSTEMS

Optimization of the Design and of
Placement of PZT

Optimal placement and dimension optimization of shunted
piezoelectric patches for vibration reduction is the object of
study in Ducarne et al. (2012). The investigation is carried out
through optimization procedures of the damping performance of
both the geometry of the piezoelectric patches and their position
in the elastic structure. Optimization is based on maximizing
the modal electro-mechanical coupling factor (MEMCEF) of the
mechanical vibration mode on which the shunt is tuned. Several
important conclusions regarding the mechanism of coupling
between the piezoelectric patches and the host structure are

drawn from the study. The results of the investigation are also
confirmed experimentally.

In the work of Bachmann et al. (2012a), a strain energy-based
finite element approach for the optimum piezoelectric patch
positioning is presented. More specifically, the finite element
method is used in order to provide an efficient approximation
for the calculation of the coupling coefficient. The method
is applied on a smart composite turbomachine blade. Two
different placement positions of the piezoelectric patches are
proposed. An experiment is conducted for the verification of
the results on a blade structure and the coupling coefficient
was compared to the calculated values. A novel optimization
method based on modal strains was used to calculate both electric
charge and generalized electromechanical coupling coefficient of
piezoelectric patch transducers.

Actuator location optimization is also studied by Foutsitzi
et al. (2013b). In this work, a numerical investigation on the
optimal voltages and on the optimal placement of piezoelectric
actuators for shape control of beam structures is presented. A
hybrid optimization scheme, based on great deluge and genetic
algorithms, is proposed. The optimal location of the piezoelectric
actuators is sought considering the minimization of the error
between the achieved and the desired shape of the structure. The
results indicate the efficiency of the proposed method.

Last but not least, in the work of Zori¢ et al. (2012), a
multi-objective fuzzy algorithm for the optimization of sizing
and location of piezoelectric elements is proposed. Namely,
the location of piezoelectric sensors and actuators on thin-
walled beam structures is studied. The optimization criterion
is the degree of controllability, while the whole process takes
into account the involved constraints from the dynamics of
the structure. The discretization is done by using the finite
element method, while the optimization is based on the particle
swarm method.

Optimization of Shunt Characteristics

In Thomas et al. (2012) the passive damping of vibrations
in any form of construction for free and forced oscillation
is studied by means of shunted piezoelectric patches. The
conclusion from this research is that oscillation reduction
performance depends mainly on a single parameter: the so-called
modal electromechanical coupling coefficient (MEMCEF) of the
mechanical vibration mode. Thus, in order to optimally tune the
resonant shunt system, one has to find the optimum value of this
coeflicient. From the experiments, a satisfactory agreement with
the proposed theory is achieved.

A new method of adjusting the parameters of shunt circuits
for passive piezoelectric damping of structures is presented
by Kim et al. (2000). During the adjustment process, the
optimal parameters of the shunts are identified from measured
impedance data, to maximize the dissipated energy in the
shunt circuit.

In Mokrani et al. (2015) a method for the damping
of vibrations of structures with piezoelectric transducers is
proposed. Specifically, the area near the natural oscillation
frequency is studied using an adaptive induction scheme. Linear
RL branches for damping of only one mode at a time have been
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investigated. The problem is associated with the robustness of
the RL branch with respect to resonant frequency variability
and it was resolved by adapting the inductor value L through a
controlled voltage inducer.

A novel acoustic radiation optimization method for vibrating
panel-like structures with passive piezoelectric shunt circuits
is presented in Jeon (2009a). The objective of the work
is the minimization of the well-radiating modes generated
from the panel. The optimization scheme is a mixture of
the p-version finite element method, the boundary element
method and the particle swarm optimization algorithm. The
optimum design works like a stiffener so that well-radiating
modes are shifted up. However, the optimized panel require
additional damping for attenuating the peak acoustic amplitude,
thus a passive shunt damping system is employed. The
particle swarm optimization is used in order to achieve the
optimum performance for the damping of several modes
simultaneously. An experiment is also carried out and it is
shown that the numerical results have good agreement with the
experimental ones.

In the work of Fleming et al. (2002) a new approach aiming
to provide the optimal performance and implementation of
piezoelectric circuits is introduced. The method determines
the resistance values by minimizing the H2 standard of the
dampened system. The short circuits are normally implemented
using discrete resistors, virtual inductors and Riordian gyrators.
Synthetic impedance, which consists of a voltage controlled
current source and a digital signal processor system, is used to
synthesize the ultimate impedance of the shunt network.

In the same direction, the induction requirements of
piezoelectric transducers can be reduced by adding capacitors
to every piezoelectric circuit as proposed in another work of the
same group (Fleming et al., 2003b). The theoretical background
is presented and experimentally confirmed for two modes of a
simply supported beam.

In Krenk and Hogsberg (2009) an optimal method for the
design and the implementation of resonant shunt circuits in
structural damping is presented. The resonant control includes
a resonant shunt circuit, coupled to the structure via the
feedback of a sensor and an actuator. A control system with
one degree of freedom is initially investigated, and then the
method is expanded to structures with many degrees of freedom.
There are several multi-d.o.f. applications which vary from
ideal models of piezoelectric sensors-actuators application on
beams, to accelerometers-actuators devices on cables. For both
cases, near-ideal response characteristics were acquired, when the
quasi-static correction of the modal properties was considered.

In Park and Inman (2003) a technique which is able
to reduce the amplitude of the structural vibrations by
using an electrical passive damper with lower inductance,
compared to previous attempts is introduced. To achieve
this, a modified and amplified piezoelectric circuit, analyzing
the mechanical-electrical analogies has been designed in
order to provide the system with natural interpretation. The
enhanced shunt circuit demonstrated, both theoretically and
experimentally, that the vibration function in the concrete
cantilever beam has significantly decreased.

A specific formulation for the tuning of vibration absorbers
with shunted piezoelectric transducers, as an alternative to
classical tuned mass dampers, is presented in Heuss et al. (2016).
The characteristics of the absorber can be altered by applying
a purely resistive or a resonant shunt circuit. Moreover, the
tuning frequency of the damper can be adapted to the excitation
frequency, considering a negative capacitance circuit, which
requires only a small amount energy in order to supply the
electric components of the shunt system.

In the work of Xie et al. (2014) an electromagnetic shunt
damping absorber, based on electromagnetic shunt damping,
is employed. The governing equations are enriched with the
electromagnetic system. The main parameters of the shunt
absorber are obtained by using the particle swarm optimization
method. More specifically, the minimization of the response
of the variance of system is sought. Both numerical and
experimental results which indicate that the electromagnetic
shunt damping absorber can reduce significantly the vibrations
of the structure are presented.

A balance calibration system for RL piezoelectric shunts
is discussed in Hogsberg and Krenk (2015a). The procedure
is analytically presented. The proposed balanced calibration
scheme with explicit correction for background flexibility present
some significant advantages, such as equal modal damping,
effective reduction of the dynamic amplification, no overshoot
of piezoelectric force amplitude and explicit formulas for the
system parameters in terms of structural modal properties and
the desired damping ratio.

The optimization of the damping properties of electro-
viscoelastic objects with external electric circuits is investigated
in Matveenko et al. (2015). More specifically, the dynamic
characteristics of smart structures with piezoelectric materials
are optimized in terms of the resonance frequencies and the
damping properties which are provided by external electric shunt
circuits which, in turn, incorporate resistance, capacitance and
inductance to the system. A natural vibration problem of an
electroviscoelastic solid is used for the numerical investigation.
Several examples are used in order to demonstrate the efficiency
of the proposed method. The shunt circuits can be placed either
in series, in parallel, or a combination of them. The advantage
of passive piezoelectric damping lies to its capability to tune the
damper in a wider frequency range in order to achieve better
thermal stability.

A similar study for the optimization of vibration damping
for structures with piezoelectric patches, which, however, are
shunted with negative capacitance is presented in Wahid et al.
(2016). Namely, the ant colony optimization algorithm is used.
The frequency range of interest is presented in the context of
statistical energy analysis with modal overlap. Two different
resistive-negative capacitance (RC) shunt circuits; one in series
and one in parallel are studied. The equation of motion is
obtained using the Lagrange method, while the ant colony
optimization algorithm is used to obtain the optimum values of
the shunt circuit for the different frequency areas, for reducing
the maximum amount of energy of the vibrating structure.

In Jeon (2009b) another optimization scheme for the
improvement of a piezoelectric shunt damping system is
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proposed. The objective of this work is to find the optimal
electrical parameters of the shunt circuit for the structural
vibration suppression of several modes. The vibration reduction
is based on the idea of using the integrated p-version
finite element method (p-version FEM), and the particle
swarm optimization algorithm (PSO). The optimal electrical
components are determined by the minimization of the objective
function, which is given as the sum of the average velocity
at a specific frequency range. The performance of the optimal
system in terms of structural damping is shown both numerically
and experimentally.

A comparative analysis of the electrical circuits used in
piezo-electric passive vibration damping is conducted by Caruso
(2001). The analysis is carried out by means of analyzing various
electrical circuits, i.e., R-L in series, RL in parallel, and RL-
C parallel shunt circuits. The optimum values of the electric
variables are obtained by using the pole-placement technique,
considering the inherent structural damping of the system.
Experimental results, in good agreement with the numerical
ones, are also reported.

A detailed study of piezoelectric shunts with a parallel resistor
and inductor circuit for passive structural damping and vibration
control has been made in Wu (1996). When tuning is optimum,
it is easily proved that the peak amplitude of the displacement
over the frequency curve of a structural mode decreases with
the increase of the shunt resistance. Thus, a “plateau” is created
at the area near the optimum resistance. If a further increase
of the resistance is considered, the middle of the plateau also
decreases, and two peaks appear around the shoulders of the
plateau. Structural parameters, such as mass and stiffness, also
affect the displacement. When the inductance is larger or smaller
than the optimum value, a peak appears on the right or on the left
shoulder, respectively.

In the same sense, the optimal electrical circuits for passive
vibration damping are sought in Bisegna et al. (2006). In this
paper, shunts where an inductance and a capacitance are in
parallel and in series with a resistance are proposed. The main
focus of the investigation lies on the optimal choice of shunt
system to reduce the structural vibrations. An advantage of the
proposed modulation is that higher values of the piezoelectric
coupling coefficient can be obtained.

In Delpero et al. (2012) a study for the prediction of loss
factor in piezoelectric shunt damping, considering the involved
electromechanical parameters, is presented. More specifically, an
efficient method, which is based on the analysis of the dynamic
response of the structure, is proposed for the measurement
of the involved coupling coeflicient. The method is applied
on several structures, with different shunting techniques, i.e.,
resonant shunts, synchronized switching systems, etc., and the
numerical results are compared with the experimental ones.

In Soltani et al. (2014) the optimum tuning rules for
piezoelectric shunt control are studied. The piezoelectric
transducer is shunted with passive RL electric components for
the vibration damping of the host structure. The performance
of the proposed method was higher compared to other tuning
rules for resonant circuits, even if the improvement of the
electromechanical coupling parameters were slight.

Another important aspect, like the minimization of the
acoustic radiation of a structure with the use of optimal shunted
electrical components with piezoelectric transducers is studied in
Collet et al. (2012). The aim of the research was the calculation
of the optimal impedance for the reduction of the velocity of
the flexural waves. Numerical experiments confirm the proposed
method and show the potential for application of the research.

Last but not least, the influence of a digital synthetic
impedance on vibration damping applications is studied in
Necasek et al. (2016). The paper presents a compact digital
synthetic impedance for application in the field of vibration
damping with constructional details. The results of the actual
artificial impedance have been compared with several prescribed
impedances, resulting in very good performance of the device. An
experiment on a one-dimensional spring-mass vibration system,
with a piezoelectric actuator incorporated as an interface between
the vibration source and vibrating mass, proves the applicability
of the proposed model.

APPLICATIONS OF SHUNT
PIEZOELECTRIC CIRCUITS

In Kurczyk and Pawelczyk (2016) a shunt circuit with a single
piezoelectric transducer and a suitably defined fuzzy system is
considered for the noise control of structures. More specifically,
a fuzzy inference system is used to adapt the parameters of the
electrical circuit. For the optimization of the fuzzy rules, a genetic
algorithm is used. The numerical results indicate the efficiency of
the method, which is useful for several industrial applications.

Another application of the shunt damping is on the vibration
control of hard drives. More specifically, in Lim and Choi (2007)
a piezoelectric bimorph shunt damping circuit is used. In the
first part of this work, the dynamic analysis and modeling
of the system is described. A target vibration mode which
significantly restricts the density increment of the hard drive
is determined by undertaking both modal testing and finite
element analysis tools. For the control of unwanted oscillations, a
piezoelectric bimorph is designed and integrated into the system.
The mechanical impedance here is derived from the lamination
theory and the linear piezoelectric constitutive equations, while
the coupling coefficient is incorporated into this impedance.
From the numerical results it is shown that the displacement
transmissibility can be tuned by adjusting only the coupling
coeflicient. This implies that the total vibration of the system can
be suppressed successfully by activating the piezoelectric shunt
circuits which are proposed.

A reduced-order finite element model of double sandwich
panels using shunted piezoelectric patches for noise and vibration
reduction is developed and presented in Larbi et al. (2016).
The paper deals with the suppression of sound transmission
through double laminated sandwich panels of three layers each,
with viscoelastic core and an air cavity between the layers.
A semi-passive piezoelectric shunt technique with resonant
circuits is used for the damping of vibrations of specific
resonance frequencies of the resulted coupled system. Both
a full- and a reduced- order finite element formulation of
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the visco-electro-mechanical acoustic system, which takes into
account the frequency dependence of the viscoelastic material
is presented. More specifically, the coupled system is solved
considering the first real short-circuit structural modes, while
a static correction is introduced in order to consider the effect
of higher eigenmodes. The efficiency of the proposed scheme is
illustrated by several results.

A three-hinged arch controlled by piezoelectric stack actuators
and passive RL electrical circuits is presented in Pagnini and
Piccardo (2016). The proposed system is considered as a
simple structural model, which can be used as an ignition
in order to generalize to more common civil and industrial
engineering structures. The Lagrangian approach is used for
the formulation, taking into account the analogy between the
electrical and the mechanical model, which can guarantee multi-
modal attenuation. Some preliminary results, which indicate the
efficiency of the method, are also presented.

An adaptive control strategy based on passive piezoelectric
shunt techniques with application to mistuned bladed disks is
described in Zhou et al. (2013). Resonant shunted piezoelectric
transducers are placed onto the disk between adjacent blades in
order to reduce the vibrations of the blade, via the blade-disk
coupling. In this study, piezoelectric damping is exploited with
the objective of minimizing the blade mistuning effects using
genetic algorithms. Numerical experiments indicate that a good
performance is achieved.

The self-excited vibration called chatter is a problem which
recurs during machining. Passive shunt circuits can increase
the system’s damping and thus, they can be used to control
chatter. In Venter and da Silva (2016) and Venter et al. (2015),
a method for reducing chatter in turning using a piezoelectric LR
passive shunt strategy is proposed. Firstly, the system is evaluated
without any control strategy. Then, LR passive shunts are used
in the two main directions of vibration, and the response of
the system is analyzed. The electromechanical coupled structure
which is considered in the numerical simulations presents FRFs
that are very close the experiments. Moreover, the robustness
of the passive shunt control strategy for chatter reduction
is discussed in Venter and da Silva (2016). Two different
boundary conditions formulations are tested experimentally,
and the effectiveness of the passive control strategy is shown.
The results indicate the lack of robustness of the method, due
to its inability to perform well for both conditions, however
the damping is increased for the first experiment, where the
fixation was selected in a form that the system could maintain
its natural frequency.

An application on helicopter rotor blade vibration control
on the basis of active/passive piezoelectric dampers is presented
in Shevtsov et al. (2009). More specifically, a comparative
analysis on the efficiency of the helicopter rotor blades vibration
suppression was conducted both by active controlled and passive
shunted piezoelectric patches. The obtained results illustrate the
efficiency of the proposed method.

A passive damping of composite blades using embedded
piezoelectric shunt modules is proposed in Bachmann et al.
(2012b). Namely, the potential improvement of the mechanical
damping of composite fan blades is sought by using two different
passive damping techniques; piezoelectric shunt circuits and

shape memory allow wires. From the results of the investigation,
both piezoelectric shunt and shape memory alloy damping were
effective in terms of passive damping for the application in open
rotor fan blade applications.

The vibration damping of turbomachinery components with
RL-shunted piezoelectric transducers is discussed in Mokrani
et al. (2012). A design rule, capable of overcoming the high
level of uncertainties, is given for the RL-shunt circuits. The
performance of the proposed schemes is validated through
experiments. The results indicate the simplicity, the efficiency
and the robustness of the whole system. An application
of piezoelectric shunt damping on circular saw blades with
autonomous power supply for noise and vibration reduction is
presented in Pohl and Rose (2016). Due to the thin blade and the
contact of the cutting edges, circular saws suffer of vibrations and
tension phenomena, thus a novel damping concept is proposed.
The experimental investigation indicates a significant attenuation
of the vibration amplitude over a wide range of frequencies when
the system is not rotating. In the rotating condition the damping
which is achieved is lower and it is limited to a narrower band.

The investigation of Min et al. (2010) focuses on the
efficiency of a piezoelectric shunt vibration control of
turbine blades, especially for a centrifugal rotation state.
Piezoelectric patches are placed on plate specimens and
two types of circuits, resistive R circuits and resonant
RL circuits are used for testing. The experiments and the
analyses are executed both in spinning and in non-spinning
conditions. The results show the ability of shunted piezoelectric
damping to suppress vibrations under centrifugal loading of
turbine blades.

The shunt vibration technology was applied in Kurczyk and
Pawelczyk (2018) for noise control. The aim of study was
to reduce the noise which comes from outside, by damping
vibration control of structures. The control vibration of walls
achieved with the use of neural networks. An experimental
simulation was carried out to confirm the proposed method.

The use of piezoelectric materials in combination with RL
shunt circuits is investigated in Min et al. (2008). The main
purpose of study was to reduce the problems of high cycle
fatigue (HCF) in of turbomachinery blades which caused from
vibrations. Experiments on resonant damping control with
shunted piezoelectric elements with passive and active control
techniques have shown that the optimal electrical components
reduce significantly the vibrations.

In Rana et al. (2013) an observer-based model predictive
control (OMPC) scheme is investigated in order to improve the
positioning of an Atomic Force Microscope. The design of the
control system takes into account the piezoelectric tube scanner
(PTS) model. For the consideration of the full-state properties, a
Kalman filter is used. Experimental results indicate the efficiency
of the control method.

Another application of piezoelectric shunt control is discussed
in Fairbairn et al. (2011). The aim of the research was the
improvement of the image quality and scan rate of tapping
mode Atomic Force Microscopy (AFM). The scan rate is
ameliorated by degreasing the quality factor of the micro-
cantilever, and the PZT shunt control is applied by using
an electrical impedance in series with the cantilever tip
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oscillation circuit. The conducted experiment indicates the
efficiency of the proposed method in scan rate and image
quality improvement.

The electrical control of elasticity with piezoelectric coupling
is investigated in Date et al. (2000). When shunt circuits are
connected in parallel with a piezoelectric polymer film, the
dynamic elastic constant increases. Many separate electrical
circuits (resistance, inductance and capacitance circuit) can be
used for the measurement of the influence in the elastic constant.
Experimental tests of the dynamic elastic constants validate the
theoretical model. The results of the research have a particular
contribution on sound absorption.

An application of shunt vibration damping is presented in
Takigami and Tomioka (2005). More specifically, stationary
excitation tests are carried out over a railway passenger
vehicle car body for vibration control using piezoelectric
transducers with shunt circuits. The experiments were conducted
for different types of shunts, and the results indicate the
deterioration of frequency response gain between excitation
force and acceleration on the floor at the natural frequency,
up to about 30%. In a similar investigation of the same
group (Takigami and Tomioka, 2008), the suppression of
bending vibrations of a 5m long Shinkansen railway vehicle
carbody with small piezoelectric transducers and shunt circuits
is studied. The results indicate that the vibrations can be
successfully reduced.

ENERGY HARVESTING WITH
SHUNT CIRCUITS

A parametric study on a collocated piezoelectric beam
vibration absorber and power harvester is conducted in
Huang et al. (2016). More specifically, the parametric
effects of a piezoelectric beam which is used both as a
vibration absorber and a power harvester are investigated.
A load resistance which increases with the lumped mass
ratio is used in order to harvest the maximum amount
of power. Experimental results have proved the existence
of a best value for the resistance, however the measured
harvested power values were lower than the theoretical
ones, due to structural damping and possible divergence of
material properties.

A novel electromagnetic resonant shunt tuned mass-
damper-inerter ~ with  application on wind induced
vibration control of building structures and energy
harvesting is proposed in Luo et al. (2017). A single
degree of freedom system is considered for the study
of the performance of the damper. The effectiveness
and the robustness of the proposed technique in both
the frequency and time domain are shown by the
numerical results.

Moreover, the effect of shunted piezoelectric control
for the fine-tuning of piezoelectric power harvesters is
studied in Lumentut and Howard (2015). Namely, a novel
analytical technique on the modeling of shunt circuit control
responses for the modification of the electromechanical
piezoelectric  harvesting  structures is presented. The

proposed technique presents self-adaptive capabilities in
terms of harvesting response, for the adjustment of the
frequency band, as well as of the power amplitude of the
harvesting devices.

The optimization of piezoelectric energy harvesting
devices in order to achieve advanced -electromechanical
efficiency and frequency range is discussed in Godoy
et al. (2014). More specifically, some preliminary results
on the topological optimization of the piezoelectric layer
which is bonded to a sliding-free plate and connected to
shunt circuit are presented. From the obtained results,
one concludes that topology optimization of active layers
can significantly increase efficiency of the system in
terms of the amount of the energy which is harvested per
unit mass.

An energy harvesting system for the power supply of a shunt
piezoelectric system, i.e., to achieve zero energy consumption
have been proposed by Tairidis et al. (2018). The shunt system
is developed for the suppression of vibrations of smart structures
and it usually needs a small amount of energy in order to operate.
Energy harvesting can be proved very effective in this direction.
In the method which is proposed by the authors, the whole
implementation will be restricted only to the collection of the
necessary amount of energy in order to make the system self-
sustained.

CONCLUSIONS

Shunt piezoelectric systems have been extensively used for
vibration and noise control during the last several years. In
fact, resonant shunts are proved to be very efficient and stable
for the reduction of vibration on smart piezoelectric structures,
such as beams and plates. Moreover, it is proven that if the
values of the electrical parameters (e.g., of the inductance, the
resistance etc.) are tuned properly, a minimum number of
piezoelectric patches can be sufficient. In this direction, the
optimization of shunt parameters has also been an object of
study in the current state of the art, either for single-mode,
as well as for multi-mode shunt circuits as presented in the
present review.

From the numerous applications which are reviewed in
the present paper, it is clear, as well, that shunt piezoelectric
systems can be very effective for several different purposes
such as among others, the control of vibrations on hard
drives, the noise reduction on acoustic applications,
the improvement of the image quality and scan rate of
tapping mode Atomic Force Microscopy and so on and
so forth.

An interesting idea for further investigation is the extension
of the use of Riordian gyrators, as they could possibly
solve the problem of large capacitors which are needed in
such systems. Moreover, adaptive and/or fuzzy controlled
shunt systems as described in Tairidis (in press) should
be studied further. Last but not least, shunted piezoelectric
systems can be used for the fine-tuning of piezoelectric
power harvesters as seen in Tairidis et al. (2018), which is

Frontiers in Built Environment | www.frontiersin.org

14

May 2019 | Volume 5 | Article 64


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles

Marakakis et al.

Shunt Piezoelectric Vibration Control

very important in the direction of designing zero energy
consumption systems.
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